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REGULATION BY LOCALIZATION OF WAVE ENERGY ALONG THE 
THICKNESS OF A PIEZOELECTRIC WAVEGUIDE: PROBLEM OF 

OPTIMAL CONTROL OF A THREE-COMPONENT ELECTROELASTIC 
WAVE 

Avetisyan L. V., Avetisyan A. S.  
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A generalizing formulation of the mathematical initial-boundary value problem on the propagation of 
an electroelastic three-component wave in a piezoelectric waveguide layer made of a material of 
arbitrary anisotropy is given. The initial-boundary-value mathematical problem of controlling the 
propagation of an electroelastic wave by surface electromechanical influences is reduced to a 
convergent system of problems of controlling the eigenfunctions and the corresponding eigen 
harmonics of the electromechanical characteristics of the propagating wave. Definitions of the precise 
controllability of a three-component electroelastic wave are given, as well as definitions of regulation 
by the localization of wave energy by electromechanical surface influences as a problem of optimal 
control of the distribution of a three-component electroelastic wave over the thickness of a 
piezoelectric waveguide.  
 
Introduction 

The propagation of electroacoustic waves in piezoelectric waveguides is a process of 
changing the state of coupled elastic and electromagnetic fields and is considered as a state 
of a driving medium (system) with distributed parameters. 

Developing a control theory for systems with distributed parameters is a much more 
complex task compared to a similar task for systems with lumped parameters. Moreover, 
the problems of optimality, controllability and observability for systems with distributed 
parameters are as complex as similar problems for systems with lumped masses [1].   

In limited solid piezoelectric waveguides, in accordance with the anisotropy of the 
material and the fulfillment of boundary conditions, different types of electroactive normal 
electroelastic waves propagate along their surface, each of which is a set of longitudinal 
and/or transverse elastic waves and accompanying electric field oscillations [2, 3, 4 ]. An 
electroactive elastic wave in a piezoelectric medium is a multi-parameter process and can 
be controlled (regulated) by various possible electromechanical influences [4,5]. 

An important feature in problems of controlling electroacoustic processes is also the 
possibility of contactless influence on the surface of a piezoelectric medium [4]. This is 
caused by the inverse piezoelectric effect, where temporary fluctuations in the electric field 
at the surface of the piezoelectric body (surface electromotive force) create a surface-
equivalent mechanical force. 

Controllability of hyperbolic systems of equations is achieved in principle in three 
different ways: i) when the characteristics of a propagating wave are related to each other 
by Holmgren's uniqueness theorem, ii) by harmonic analysis of wave characteristics in 
connection with Ingham's lemma and its extensions, iii) the method of integrating factors. 
Moreover, the harmonic analysis method of wave characteristics, when applicable, gives 
very good results [1]. In a recently published work [6], the author presents the formulation 
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and approaches to the study of problems of controllability and stabilization of the wave 
process under various types of influences on it. 

Using the Green's function method, work [7] studies the controllability of linear and 
nonlinear mathematical initial-boundary value problems arising in many applied fields of 
science.  

Without violating the generality of the approach to studying the controllability of the 
process and in order to avoid unnecessary mathematical difficulties, the article considers 
the issue of controllability of the mathematical initial-boundary value problem of 
electroelasticity for the case of a three-component electroacoustic quasi-static wave in a 
piezoelectric waveguide under various possible electromechanical surface influences [8]. 
 
1. Mathematical initial-boundary value problems for three-component electroelastic 
waves in piezoelectric waveguide under surface electromechanical 
influences.Equation Section (Next)  

Piezoelectrics are essentially anisotropic crystalline materials. In an arbitrarily chosen 
sagittal plane 0x x , with a choice of indices{ ,  ,  } {1,  2,  3} , the tensor of 
electromechanical characteristics of the medium allows us to formulate a two-dimensional 
problem about a three-component electroelastic pure shear wave of the type
{0,  0,  ( , , ),  ( , , ) ,  ( , , ) , 0}u x x t x x t x x x t x .  

For piezoelectric materials that allow an anti-plane deformable state, the material 
relations of non-zero characteristics of the electromechanical field can be represented in the 
form 

* * *
44 14 24

* * *
55 15 25
* *
15 14 11
* * *
25 24 22

( , , ) ( , , )0
( , , ) ( , , )0
( , , ) ( , , )0

0( , , ) ( , , )

x x t u x x t xc e e
x x t u x x t xc e e

D x x t x x t xe e
e eD x x t x x t x

 (1.1) 

Consequently, the quasistatic equations of electro elasticity will be different for the 
corresponding piezoelectrics, depending on the choice of anisotropy of the material and the 
crystallographic cross section in it [4, 5].  

Representations of material connections of non-zero characteristics of the 
electromechanical field in a unified form (1.1) formally allow a unified representation of 
the mathematical initial-boundary value problem for piezoelectrics of all symmetry classes, 
in which the electroactive problem of antiplane deformation is possible.  

Without violating the generality of reasoning, in a piezoelectric waveguide connected to 
the coordinate system 0xyz  piezoelectric waveguide 0( , , ) {| | ;| | ;| | }x y z x y H z
, the system of quasi-static electro elasticity equations for three-component electroelastic 
waves (pure shear electroactive elastic waves) will be written in the form of an invariant 
matrix system of linear differential homogeneous equations 

2 2
1w 1

2w 2

[ ] [ ] [ ] w( , , )
0

[ ] [ ] ( , , )
t x y t

x y t
  (1.2) 
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* 2 2 * 2 2
1w 55 44

* 2 2 * 2 2 * * 2
2w 15 24 25 14

* 2 2 * 2 2 * * 2
1 15 24 25 14

* 2 2 * 2 2
2 11 22

[ ] [ ] [ ],
[ ] [ ] [ ] ( ) [ ],
[ ] [ ] [ ] ( ) [ ],

[ ] [ ] [ ].

c x c y

e x e y e e x y

e x e y e e x y

x y

,    (1.3) 

Linear operators (1.3) are introduced into the matrix system of equations (1.2). This also 
includes the shear displacement w( , , )x y t  and electric potential ( , , )x y t  of a three-
component electroelastic wave of antiplane strain in the piezoelectric layer. 

In the case of the unidirectional propagation along the waveguide of normal 
electroelastic waves ( , , ) ( , ) exp( )F x y t f y t ikx , the antiplane electroelastic state will be 
described with respect to the amplitude functions of the electromechanical characteristics
w( , )y t  and ( , )y t  in two-dimensional form 

2 2
1w 1

2w 2

[ ] [ ] [ ] w( , )
0

[ ] [ ] ( , )
t y t

y t
  (1.4) 

* 2 2 * 2
1w 44 55[ ] [ ]c y c k ,     * 2 2 * * * 2

2w 24 25 14 15[ ] [ ] ( ) [ ]e y ik e e y e k , 
* 2 2 * * * 2

1 24 25 14 15[ ] [ ] ( ) [ ]e y ik e e y e k ,  * 2 2 * 2
2 22 11[ ] [ ]y k . (1.5) 

On the surface of a piezoelectric waveguide 0y H , the conjugation conditions of the 
electric and mechanical fields are always satisfied. Mechanical boundary conditions impose 
restrictions on shear displacement w( , , )x y t , or shear stress ( , , )zx x y t  and/or ( , , )yz x y t . 
Electrical boundary conditions impose restrictions on the normal component of the 
electrical displacement ( , , )yD x y t , or on the tangential component of the electrical intensity

( , , ) ( , , )xE x y t x y t x .  
In the case of the unidirectional propagation along the waveguide of normal 

electroelastic waves, the inhomogeneous electromechanical boundary conditions are written 
in the form of different mathematical linear combinations of four physically independent, 
mechanical and/or electrical surface actions [2,3,4]   

0 0
w( , ) ( );                       ( , ) ( )

y H y H
y t t y t t ,  (1.6) 

0 0
w( , ) ( );                        ( , ) ( )

y H y H
y t t y t y t , (1.7) 

00
w( , ) ( );                ( , ) ( )

y Hy H
y t y t y t t ,  (1.8) 

0 0
w( , ) ( );                  ( , ) ( )

y H y H
y t y t y t y t , (1.9) 

Included in the inhomogeneous boundary conditions, the time functions
( );  ( );  ( );  ( )t t t t  are defined on the time axis 0t  and belong to the class 2[ ]   

of functions.  
In the general case of the dynamic formulation of the problem of electro elasticity, at 

the initial and final moments of the time interval 0[0; ]t T , four functions of the elastic and 
electrical characteristics of the wave field or four different combinations thereof, the 
conditions of the initial and final states is specified.  

In the quasi-static formulation of electroacoustic problems, the propagation of an elastic 
wave with accompanying oscillations of the electric field is considered. Then the 
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electroelastic state is determined by two known functions of the initial and two other known 
functions of the final states, or by two different combinations of these four existing 
characteristics of the electroelastic field w( , , )x y t , ( , , )x y t , w( , , )x y t  and ( , , )x y t , 
which are interconnected by two equations (1.2).  

In the case of the unidirectional propagation along the waveguide of normal 
electroelastic waves, the electroelastic state during the propagation of normal electroelastic 
waves, in the waveguide layer is determined by two known functions of the initial state  
w( ,0) ( );                    w( ,0) ( )y y y y ,  (1.10) 
or  

0 0( ,0 ) ( );                  ( ,0 ) ( )y y y y ,  (1.11) 
and two known functions of the final state 

0 0w( , ) ( );                  w( , ) ( )y T y y T y ,  (1.12) 
or  

0 0( , ) ( );                  ( , ) ( )y T y y T y   (1.13) 
for an electroelastic wave.  

The system of homogeneous second-order differential equations (1.4), with the notation 
of linear operators (1.5), together with surface influences of the type (1.6) - (1.9) and 
representations of the initial and final states (1.10) ÷ (1.13), constitute a complete 
mathematical initial-boundary problem for studying the control of wave formation and 
propagation of a three-component electroacoustic wave in a piezoelectric waveguide.  

In problems of this type, surface control of waves comes down to studying the 
controllability of wave formation of their own waveforms and changing the corresponding 
harmonics. Therefore, research on wave control can be carried out by harmonic analysis of 
wave characteristics, since it is applicable and gives very good results [1].  

For this purpose, surface electromechanical influences acting on the propagation of 
electroacoustic waves are reduced to the corresponding volumetric influences. Then the 
boundary value problem with inhomogeneous boundary conditions (1.4) - (1.9) is written in 
the form of inhomogeneous equations with volumetric influences  

2 2
w1v 1

2v 2

( , )[ ] [ ] [ ] v( , )
( , )[ ] [ ] ( , )

f y tt y t
f y ty t

  (1.14) 

and with the corresponding (1.6) - (1.9), homogeneous surface conditions in each case  

0 0
v( , ) 0;                       ( , ) 0

y H y H
y t y t ,  (1.15) 

0 0
v( , ) 0;                        ( , ) 0

y H y H
y t y t y , (1.16) 

00
v( , ) 0;                ( , ) 0

y Hy H
y t y y t ,  (1.17) 

0 0
v( , ) 0;                  ( , ) 0

y H y H
y t y y t y , (1.18) 

Linear operators in the matrix equations (1.14) is already transformed to  
1v 1w[ ] [ ] ,   2v 2w[ ] [ ] ,   1 1[ ] [ ] ,  2 2[ ] [ ] . (1.19) 

For various types of surface influences (1.6) - (1.9) the transformation functions can be 
formally written in a uniform  

W ( , ) W ( , )v( , ) w( , )
( , ) ( , ) ( , ) ( , )

y t y ty t y t
y t y t y t y t

 (1.20) 
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In which the terms of the transformation are predetermined by the nature of surface 
influences (1.6) – (1.9)  

2
0 0 0 0W ( , ) [( ) 2 ] ( );  [( ) 4 ] ( )y t H y H t y H H t  (1.21) 

2
0 0 0 0( , ) [( ) 2 ] ( );  [( ) 4 ] ( )y t H y H t y H H t  (1.22) 

In equations (1.14), volumetric influences of the type w ( , )f y t  and ( , )f y t  are represented 
by transformation terms W( , ) W ( , ) W ( , )y t y t y t  and ( , ) ( , ) ( , )y t y t y t  as  

2 2
w 1v 1( , ) [ ] [ ] W( , ) [ ] ( , )f y t t y t y t  (1.23) 

2v 2( , ) [ ] W( , ) [ ] ( , )f y t y t y t  (1.24) 
By introducing transformation functions (1.20), descriptions of the initial and final 

states (1.10) - (1.13) acquire a new entry  
v( ,0) ( ) W ( ,0) W ( ,0) ;      v( ,0) ( ) W ( ,0) W ( ,0)y y y y y y y y  (1.25) 

or  
( ,0) ( ) ( ,0) ( ,0) ;       ( ,0) ( ) ( ,0) ( ,0)y y y y y y y y  (1.26) 

and two known functions of the final state 

0 0 0 0 0 0v( , ) ( ) W ( , ) W ( , ) ;   v( , ) ( ) W ( , ) W ( , )y T y y T y T y T y y T y T  (1.27) 

or  

0 0 0 0 0 0( , ) ( ) ( , ) ( , ) ;  ( , ) ( ) ( , ) ( , )y T y y T y T y T y y T y T  (1.28) 
for an electroelastic wave.  

By introducing transformation functions (1.20), the initial-boundary value mathematical 
problem with a system of inhomogeneous equations (1.14) and homogeneous surface 
conditions (1.15) - (1.18), together with descriptions of the initial and final states (1.25) - 
(1.28) constitute the initial-boundary value problem control of a three-component 
electroelastic wave in a coordinate rectangle 0 0 0[ ] [0 ]TQ H y H t T .  
 
2. Three-component electroelastic wave formation and propagation in a piezoelectric 
waveguide. Equation Section (Next) 

In a homogeneous mathematical boundary value problem formed from homogeneous 
equations of the corresponding system (1.14), when w ( , ) 0f y t , ( , ) 0f y t  and the 
homogeneous boundary conditions of the type (1.15) ÷ (1.18), separation of variables is 
possible. Then the solutions to this homogeneous mathematical boundary value problem are 
represented as a function  

0

V ( )v( , ) V( )
( ) ( )

( , ) ( ) ( )

n
n

n
n n

yy t y
t t

y t y y
,  (2.1) 

expanded in Fourier series 
0

V( ) V ( )
n

n
n

y y , 
0

( ) ( )
n

n
n

t t . 

It is important to pay attention to the fact that in the expansions of both sought functions 
the time regime will be the same w( ) ( ) ( )t t t . This follows from the homogeneity 
of the second equation of the matrix system (1.4) and is a consequence of the quasi-static 
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formulation of the problem, in which the harmonics of the accompanying electric field 
coincide with the harmonics of elastic vibrations.  

The difference in surface conditions (1.15) ÷ (1.18) in the formulation of the boundary 
value problem leads to different possible formations of the proper forms and structure of 
the overall electroelastic wave along the thickness of the waveguide.  

The matrix system of homogeneous equations is then written in the form 
1w 1 2

2w 2

[ ] [ ] V( ) ( )
[ ] [ ] ( ) ( )

y t
y t

.  (2.2) 

In accordance with the boundary conditions of the first kind (1.15) and the second kind 
(1.18), in piezoelectric waveguides made from materials of the classes 6mm of hexagonal 
symmetry, 4mm of tetrogonal symmetry, mm2 of rhombic symmetry the resulting signals 
can be represented by their own shapes corresponding to different oscillation frequencies  

w 1 w 1

0 15 11 w 1 w 1

cos[ ( , ) ] sin[ ( , ) ]
( ) cos[ ( , ) ] sin[ ( ,

)
]

V(
( ) )

m m m m m m

m m m m m m m

A k kh y B k kh y
e A

y
k khy y B k kh y

 (2.3) 

Here 2 2 2
1 1 0( , ) 1 2m m m t mkh k C m k H  are the eigenvalues of the accompanying 

electroelastic oscillations corresponding to the oscillation frequencies the eigenmodes
2

1 01 2m m t mk C m k H , 1 44tC c  shear volumetric wave velocity. 
In cases of mixed boundary conditions like (1.16) and (1.17) in the same piezoelectric 

waveguides, no proper forms are formed.  
Conversely, in accordance with mixed boundary conditions of type (1.16) and (1.17) in 

piezoelectric waveguides made of materials of classes 43m/23 cubic symmetry, 222  
rhombic symmetry, 622 of hexagonal symmetry, 42m  tetragonal symmetry, the resulting 
signals can be represented by their own shapes corresponding different vibration 
frequencies 

w 2 w 2

14
0 w 2 w 2

11

cos[ ( , ) ] sin[ ( , ) ]
V( )

cos[ ( , ) ] sin[ ( , ) ]( )

m m m m m m

m m m m m m m

A k kh y B k kh y
y

ikm e B k kh y A k kh yy
h

 (2.4) 

Here 2 2 2 2
2 2 * 0( , ) 2m m m t mkh k C m k H  are the eigenvalues of the accompanying 

electroelastic oscillations corresponding to the oscillation frequencies the eigenmodes
22

2 * 02m t mkC m k H  and 2
* 55 44c c  is a shear anisotropy coefficient,

2 1 55t tC C c  shear volumetric wave velocity in a waveguide of a different 
anisotropy.  

In cases of the boundary conditions of the first kind (1.15) and the second kind (1.18), 
in the same piezoelectric waveguides, no proper forms are formed. 

The function of the harmonics of the accompanying electric field coincides with the 
function of the harmonics of the propagating elastic vibrations and is represented as 

0 0
sin( ) c( ) os )) (( m m m m

m m
mt t A t B t . (2.5) 

From (2.3) it follows that in the case of transversal anisotropy of the piezoelectric, 
changes in the shapes of the distribution of amplitudes of accompanying electrical 
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vibrations are consistent with changes in the shapes of the distribution of elastic shear 
amplitudes. 

From (2.4) it follows that in the case of a different anisotropy of the material, changes in 
the distribution of the mth form of amplitudes of accompanying electrical vibrations lag 
behind the change in the corresponding form of distribution of elastic shear amplitudes by

0 (2 1) 2m m .  
Having found the eigenforms V ( );  ( )m my y  and their corresponding harmonics
( )m y , by expanding the inhomogeneous initial-boundary value problem (1.14), (1.15), 

and (1.20)÷(1.25) into a Fourier series in the coordinate rectangle
0 0 0[ ] [0 ]TQ H y H t T , in a generalized form we obtain the control equation for 

the eigenforms of the electroelastic waves 
2 2 2

1 1

2 2 2
1 1

( ) (1 ) ( ) ( ) (1 ) ( )

(1 ) ( ) ( )

m t m m t m

t m m m m

t c t t c t

c t t
 (2.6) 

With expansion coefficients in Fourier series in eigenforms 
0

0
1 0

0

V ( )1 d
H

m yH yy
H

, 

0
* 2 * *

1 15 0 2
0 0

5 14 V ( )1 ( ) d
H

me k H y ik
H

e e y y    (2.7) 

0
* 2 * *

2 15 0 2
0 0

5 14 V ( )1 ( ) d
H

me k H y ik
H

e e y y ,    

0
* 2

2 22 0
0 0

V ( d1 )
H

mk H y y
H

y ,     2 2( ) ( )t t  (2.8) 

The general solution to the control equation (2.6) for the mth true harmonic
2

1( ) ( ) (1 ) ( )m m t mm m mg t t c t , is obtained by the method of variation of 
parameters for the eigenforms harmonics of the electroelastic waves and forced elastic 
vibrations  

0

0

2 2

1 2

1

( )

( )

sin( ) cos( )

sin[ ( )] cos[ (

( )

)]

sin[ ( )] cos[ ( )]

m mg m mg m

t

m

m

m m
g m mg m

t

mg m m

m

m m

t

g

A t B t

A t B t d

A t B t

g t

t
c

t d

  (2.9) 

In which harmonics of the reduced eigenforms and the harmonics of surface actions are 
represented respectively, as  

2
1( ) ( ) (1 ) ( )m m t mm m mg t t c t ,  (2.10) 

sin( ) cos( )n n n n nt A t B t ,  (2.11) 

sin( ) cos( )n n n n nt A t B t .  (2.12) 
Taking into account the representation of solutions (2.1) with expansions (2.3) or (2.4), 

as well as descriptions of the initial and final states (1.8), (1.9) and surface influences (1.5), 
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they have the form of an infinite system of four algebraic equations regarding the 
amplitudes of true harmonics of electroelastic vibrations waves and harmonics of surface 
control actions   

2 2 2
1 1

2 2 2
1 1

2 2 2
0 1 0 1 0

2 2 2
0 1

g (0) (1 ) (0) (0)

g (0) (1 ) (0) (0)

g ( ) (1 ) ( ) ( )

v( , ) (1 )

m t m m m m m

m t m m m m m

m mm t m m m m m

t m

m

m

c

c

T Tc T

y T c 0 1 0( ) ( )m mm m mT T

 (2.13) 

The period 0T  during which surface influences t  and t  lead the wave 
process from the initial state to the final state is determined from the conditions for the 
existence of nontrivial solutions of systems of type (2.13) 

0 0min 0m
m

T T .  (2.14) 

 
3. The Exact controllability problem for three-component electroelastic wave. 
Equation Section (Next)  

Let us present the initial boundary value problem of controlling a three-component 
electroactive wave process in a piezoelectric waveguide layer in the following form  

0

2 2
1v w 0 0 0

0

[ ] [ ] v( , ) ( , )       in      0

v( , ) 0;                                  in     = 0

v( ,0) ( ) W ( ,0) W ( ,0)

v( ,0) ( ) W ( ,0) W ( ,0)       

T

y H

t y t f y t Q H y H t T

y t y t T

y y y y

y y y y 0 0 in     H y H

 (3.1) 

Under adequate conditions of regularity and compatibility of the initial data
v( ,0),  v( ,0)y y  and the reduced influence w ( , )f y t , system (3.1) admits a unique solution

v( , )y t , in the energy functional space 1 1 2
0[0, ]; ( ) [0, ]; ( )T H T L . 

Then, the wave energy for the process corresponding to the system of mathematical 
initial-boundary value problem (3.1) represented by the functional  

2 2* 2 2 * 2
44 55

1( ) [ v( , ) ] v( , ) v( , )
2

E t c y t y c k y t y t dy  (3.2) 

The task of precise controllability is to bring the wave state to equilibrium in a uniform 
time, regardless of the initial data, by external influence or control, which in the case under 
consideration is a reduced force w ( , )f y t .  

More precisely, the problem of exact controllability will be formulated as: the existence 
of a time 0 0T  such that for each pair of initial data v( ,0),  v( ,0)y y  there is a control

w ( , )f y t  such that the solution v( , )y t  of equation (3.1) satisfies the relations  

0v( , ) 0y T ,           0v( , ) 0y T .  (3.3) 
This formulated as follows: For arbitrary 0 0T , for each pair of input data

1 2
0v( ,0),  v( ,0) ( ) ( )y y H L  there is a control 2

w 0( , ) [0. ];  H ( )f y t T  such 
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that the solution of the mathematical initial-boundary value problem (3.1) satisfies 
relations (3.3). 
 
4. Optimal control for three-component electroelastic wave. Localization of wave 
energy along the thickness of the waveguide.  

In the problem of propagation of a three-component electroelastic wave, the flow of 
electroelastic energy through the thickness 0 0[ ; ]y H H  of a piezoelectric waveguide 
determined by the expression  

0

0

0
( , ) ( , ) ( , ) ( , )
( , ) ( , ) ( , ) ( , )

H
yz yz zx zx

em
x x y yH

y t y t y t y t
U dy

E y t D y t E y t D y t
 (3.4) 

Solutions of the mathematical initial-boundary value problem (1.4)-(1.6), (1.10) and 
(1.12), taking into account relations (1.20)-(1.22), amplitude distributions (2.3) and (2.4), as 
well as solutions to the harmonic equation (2.9), represented in the form 

0 0 0 0

0 0 0 0 0

V ( ) ( ) [( ) 2 ] ( ) [( ) 2 ] ( )w( , )
( , ) ( ) ( ) [( ) 2 ] ( ) [( ) 2 ] ( )

n
n n

n n n

y t H y H t H y H ty t
y t y t H y H t H y H t

 (3.5) 

Considering the obtained solutions of the mathematical initial-boundary value problem, 
as well as the material relations of the piezoelectric medium, we obtain expressions for the 
energy integral depending on the surface influences: w( , ),  ( ),  ( )emU y t t t .  

Localization of wave energy in a thin strip along the thickness of the waveguide is the 
problem of optimal control of wave energy along the selected thin strip.  

This strip can be near surface 0 0 0 0[ 2 ; ] [ ; 2 ]y H H H H .  
0

0

0

0

2

0

2

w( , ), ( ), ( )

                            + 0.9

em

H

yz yz zx zx x x y y
H

H

yz yz zx zx x x y y em
H

U y t t t E D E D dy

E D E D dy U
 (3.6) 

The localized energy in the inner thin strip 2y  along the thickness of the waveguide 
represented as the functional  

2
0

2

w( , ), ( ), ( ) 0.9em emyz yz zx zx x x y yU y t t t dy UE D E D  (3.7) 

In relations (4.3) and (4.4), 0H  is the wavelength.  
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LOCALISED VIBRATIONS OF HOMOGENEOUS STRING WITH FINITE 
NUMBER OF PERIODICALLY LOCATED SCATTERERS 

 
Ghazaryan K., Ghazaryan R., Terzyan S. 

Keywords: periodic structure, localization, string vibration, imperfect elastic contact 
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The problem of localisation of stress waves is considered in homogeneous fixed string in tension with interfaces of 
imperfect elastic contact caused by scatterers periodically oriented along string length. It is shown that in this 
periodic structure due to scatterers the localisation of stress wave is occur. 
 

Introduction 
 

In the paper based on the propagator matrix formalism in conjunction of Sylvester’s 
matrix theorem localized vibration of a fixed string in tension is studied. The string contains 
finite number non equidistant located scaterrers (micro inhomogeneities, point masses, 
beads) periodically oriented along string length. At points where scatterers are located the 
stress traction discontinuity is taken to be linearly related to the continuous displacement.  

https://doi.org/10.54503/0002-3051-2024.77.1-30
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The dynamics of elastic, electro-elastic waves in one dimensional periodic structures is 
a well-studied classic topic [1-3]. Gap bands, localisation, attenuation, reflection, refraction, 
resonance and other effects in finite, semi-infinite and infinite structures have been 
investigated by many researchers, particularly in [4-8]. The vibration of periodic strings and 
rod with scatterers, local resonators are studied in [9-13]. In elastic and electro- elastic 
structures models of an imperfectly bonded interfaces and problems based on these models 
are proposed and studied in [14-22]. 
 
Statement and solution of the problem 
 

Consider a string under tension 0T  with finite number of scatterers (micro 
inhomogeneities, point masses, beads) periodically oriented along length of string at points 

1( 1) , ,x n d d x nd 1 21,2.. ,n N d d d  . (Fig.1) 
 

 
Fig.1 String under tension with periodically oriented scatterers 

 
We have the following equation of a string transverse vibration 

2 2

0 2 2 0;V VT
x t

   (1) 

where 0T is the tension , is the mass density per unit length of string . 
Considering a harmonic vibration (  is the frequency)  

( , ) ( ) expV x t U x i t  

and introducing in the repeated unit cell ( 1) ,x n d nd ( Fig.1 ) the vectors 
( ) ( )

( ) ( )
( ) ( )

( )
( )

0

( )
( ) ,

( )

( )( ) ,

j j
j jn n

n nj j
n n

j
j n

n

U x A
x

x B

dU xx T
dx

U C
   (2) 

the solutions of (1) within each sub-sells can be cast as 

 

( ) ( )

0 0 0

( ) ( )
sin( ) cos( )

( ) ; ;
cos( ) sin( )

j j
n nx x

qx qx
x q

T q qx T q qx T

U P C

P
  (3) 
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Here ( ) ( ),j j
n nA B  are constants, n  is the number of the unit cell, the indexes 1, 2j  

stand for the sub-sells, 1( 1) , ( 1)x n d n d d , 1( 1) ,x n d d nd ,

1 2d d d  respectively .  
 

Propagator matrix approach 
 

Based on the procedure of propagator matrix approach [23] considering any two 
neighbouring points 1 2,x x  of sub-cells we can construct the transfer matrix T  in such 
way that 
 

22 11( ) ( )nj njx xx xU UT    (4) 
where 
 

2 1

1
2 1 0 2 1

2 1
0 2 1 2

1
2

1

1

cos si

( ) (

n

sin cos

)x x

q x x T q q x x
x x

T q q x x q x

x x

x
T

PT P

   (5) 

 
Using (5 ) the following relations can be obtained  

 
(1) (1)

1 1

(2) (2)
2 1

( 1) ( 1)

( 1)
n n

n n

n d d d n d

nd d n d d

U T U

U T U
   (6) 

Here  
1

0

0

, ( )

,

cos sin
sin cos

j j
j

j j

qd T q qd

T q qd qd
dT    (7) 

At points 1 ( 1) ,d d nx x nd were scatterers are located we take the 

following imperfect contact conditions, 0,f  [11]  

1 1

1

(2) (1)

(2) (1) (1)
1 1

( 1) ( 1) 0,

( 1) ( 1) ( 1)
n n

n n n

d d n d d n

d d

U U

Un d d n f d d n
   (8) 

(1) (2)
1

(1) (2) (2)
1

0n n

n n n

U Und nd

nd nd U ndf
   (9) 

In matrix form these conditions can be written as 
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(2) (1)
1 1

(1) (2)
1

( 1 ) ( 1)n n

n nnd nd

d n d d n dU FU

U FU
   (10) 

where  

. 
1 0

1f
F     

Taking into account (8 -10) we can obtain the following relation 
(1) (2) (2)

1 2 1

(1) (1)
2 1 2 1

( 1)

( 1) ( 1)
n n n

n n

d n d d

d n d d d

nd n

d d

d

n

U FU FT U

FT FU FT FT U
  

 (1) (1)
1 ( 1)n n n dndU MU    (11)  

Here  

11 12

2
2

1 22
1 ,

m m
m m

d dM FT FT M   

is the unimodal propagator matrix, elements of which can be cast as 

11

12 2
0

2 2 2
0

21

2 2

22 2

sin( )cos( ) cos( );

( sin( )sin( ) sin( ))

2 sin( ) sin( 2 ) cos( 2 ) sin( ) 3 cos( )
2

2 cos( ) ( cos( 2 ) (sin( 2 ) 3sin( )))
2

p p pm p
p

d p p p p pm
T p

T p p p p p p p p p p
m

dp

p p p p p p p p
m

p

(12) 

In (12) p qd , 0d T  is the non-dimensional frequency, 1
0dfT  is 

the dimensionless “scattering” parameter and 2d d  is the relative distance parameter.  

Since the vectors ndU  are continuous at the interface points of the neighbouring 

cells repeating relations (11 ) the n-th times the matrix nM  can be found .  

The matrix nM  for any 1,2,..n N  links the values of field vectors at 0x  and 
x nd  points of the string 

0 0n
nnd MU U    (13) 
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According to Sylvester's matrix theorem [24] for 2 2  matrix the elements of the n -th 
power of the matrix nM  can be cast as 

11 12

21 22

n M M
M M

M   

 
and can be simplified using the following matrix identities  
 

11 11 1 2 12 12 1

21 21 1 22 22 1 2

;

;
n n n

n n n

M m S S M m S

M m S M m S S
   (14) 

where nS  are the Chebyshev polynomials of second kind  
 

sin ( 1)arccos( ) 1; tr
sin arccos( ) 2n

n
S M    (15) 

Note that function  defines the band gaps structure in infinite string [7 ] 

cos( )kd    (16) 

where k is the Bloch wave number. 

The relation establishing a link between values of the vectors 1 0NNd MU F U  
will enable to consider the boundary value problem of a string free vibration with fixed 
ends.  

0 (0) ( ) 0NU U Nd    (17) 

From (13) and (17) it follows that 

 1

0

0 0
( ) (0)

N

N Nd
M F    (18) 

Here 0 (0), ( )N Nd  are stresses arising at the string fixed ends. 

Taking into account that 

1 1 0 1 0 0 0
,

1 1 (0) (0)f f
F  

from matrix equation (18) one can obtain  

12 1( ) (0) 0Nm S    (19)  
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22 1 2 0( ) 0N N NNd m S S    (20) 

Equation (19), (0) 0  gives two alternative families of normal and localised 
vibrational modes [6] 

12 ( ) 0m    (21) 

1 0NS    (22) 
Equation (21) defines the countable set solutions of localised wave frequencies  

, 1, 2,....i i  . 

At frequencies i , 22 11( ) ( ) 1i im m  and therefore  

1
11 22( ) ( ) ,

2 2
i im m

 where 22 ( )im    (23) 

Using the recurrence formula for Chebyshev polynomials the following relation can be 
obtained [6 ]  
 

0 0 , 1,2....n
n nd n N    (24) 

From (24) it follows that if ( ) 1j  the stress wave localisation occur at 0x , in 

the case of ( ) 1j  the stress wave localisation occur at x L . 

Another possible case is the equation (21). This equation has 1N roots in the interval 
1,1 ,  which are given by  

1
0 cos , 1,2... 1m m N m N    (25) 

Taking into account that 2 0 ( 1)m
N mS one can write  

0 0( 1) 0 , 1,2....mnd n N    (26) 

This means that 1N  normal modes exist where waves are uniformly distributed 
along the string length. 

 

Analysis and results 

It follows from (16) that the condition 1 defines band gaps in an infinite 

string. Since the imaginary parts of Bloch vector Im kd  operate inside the gaps, the 
analysis of ban gap structure caused by scatterers will be carry out by considering the 
attenuation function Im kd within band gaps. 

The influence of the scattering on formation of band gaps is illustrated on Fig. 2 where 
the imaginary parts (attenuation curves) of the Bloch wave vectors are plotted as a function 
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of non-dimensional frequency , the lowest contours of the attenuation curves where 
Im 0kd  define the map of band gap frequencies. The maps correspond to the first 

and second gaps. The curves are plotted at 0.3 .  
Hereafter the blue curves correspond to scattering coefficient 10  , the black curves to 

5 , the red curves to 2  (See online version for colors). Analysis shows that band 
gap structure slightly depends from  which means that gaps may open also in the case of 
uniformly (equidistant) oriented scaterrers. 

 

 
 

Figure 2. Map of first and second gaps 

 

As it follows from Figure 2. scattering essentially increase the widths of the gaps and 
the attenuation function within gaps. 

The eigen frequencies i versus relative distance  shown in Figure 3., where i are 

the solutions of the equation (21 ). Note that 1i i  
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 Figure3. The frequencies curves versus relative distance  

As it follows from Figure 3. scattering increase the frequency of localised wave and is 
more increasing the maximal value of the low frequencies than the maximal value of high 
frequencies. 

On the Figures 4a,b the plots of localisation coefficients versus relative distance are 

presented. Note that 
1

( , ) (1 )i i .  

 
Figure 4a. Graphs of localisation coefficients versus relative distance 

 
Figure 4b. Graphs of localisation coefficients versus relative distance 

As it follows from Figure 4. the scattering sufficiently increases the localisation 
parameter for low frequencies. From analysis of the graphs of Fig .4 it follows that due to 
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scattering the very strong localisation of the stress wave in the string occur even for 2  
and 10N .  

When 3 32, max ( ) 1.62, min ( ) 0.61  0( ) (0) 0.0082N Nd  . 
Note that the localisation effect is stronger at the first frequency. 

Conclusions  
Based on the transfer matrix procedure in conjunction of Sylvester’s matrix theorem the 

problem of localized wave is studied in a string in tension with interfaces of imperfect 
elastic contact caused by periodically non equidistant oriented scatterers. It is shown that in 
this periodic structure the localisation of stress wave occur. The localised stress wave 
frequencies and wave localisation amplitude depending both scattering factor and relative 
distance between scaterrers are determined analytically and illustrated by plots. It is shown 
also that in the infinite string the periodic oriented scatterers can open band gaps. 
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S.R. Martirosyan 
Supersonic flutter of an elongated panel with a free edge, initially loaded in two 
directions: compressed along the gas flow and stretched in the perpendicular direction   
 
Key words: rectangular elongated plate, the initial compressive and tensile forces, supersonic overrunning, 
aeroelastic stability, concentrated inertial masses and moments, analytical solution method  
 
By analyzing, as an example, a thin elastic elongated plate, initially loaded in two directions: compressed along 
supersonic the gas flow and stretched in the perpendicular direction, we study the influence of the initial stress 
state of the plate on the stability of the unperturbed equilibrium state of the dynamical system “plate – flow” under 
the assumption of presence of concentrated inertial masses and moments on its free edge. An analytical solution of 
the problem of stability is obtained. An accurate assessment of the influence of initially loading forces on the 
stability of the system is given.  
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  [11].  
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        .   
 
1.  .      

 ,     Oxyz  

: 0 x a , 0 y b , h z h , 1 0.193ab .   
 Oxyz   ,   Ox   Oy     

 ,   Oz       
   ,       

  Ox     V .    
  .  
  0x   ,   x a , 0y   y b  – 

  .    0x   
    cm     cI  [2, 8].  

  ,  ,   ,   
  2x xN h    2y yN h  ,   
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, ,    0x , x a   0y , 
y b ,   ,   –   ;  

x   y          

    ( , , )w w x y t  [1, 2, 5].   
 ( , , )w w x y t    p    

       ,  

   «  » 0 0
wp a V
x

,  

0a –      , 0  –   

  [6, 7].  ,  ( , , )w w x y t   
 2h  [1, 5].   

 ,       
    « – »  ,  

      
  p ,   x   y    

      cm   

 cI ,      0x ,  , 

  x   y        .( )x cr  

.y pr
,  .( )x cr – ,    « »  

   [1, 13, 14]; 
.y pr
– ,      

      [9]. 
,        

        
     «  »   

   2 2m w t   

 m      2 2
cm w t  2 2

cI w t , 
   ,    [1, 2, 6–8]:  

 
2 2

2
0 02 2 0x y

w w wD w N N a V
x y x

, , ,w w x y t ;           (1.1)       

2 ( )w w ,  –   ; D –  
.  

 ,      
  ,   [1, 2, 8]: 

2 2 3

2 2 2c
w w wD I

x y x t
,                               (1.2) 
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2 2 2

2 2 2(2 ) x c
w w w wD N m

x x y x t
   0x ;        

0w ,  
2

2 0w
x

   x a     0w ,  
2

2 0w
y

   0y   y b ;   (1.3)  

 –  .   
    crV –     –  
     [1, 2]: 

0 0 0 2cos .( , )mV a M a M , 0 2M , 2cos . 33.85mM ;                 (1.4) 
       

  « – » (1.1) – (1.3)  :  

. ( )crx x , . ( ) pry y                                  (1.5) 
      (1.1) – (1.3) 

     (1.1)   
  (1.2)  (1.3)  ( , , )w x y t    (1.4)   

(1.5).   (1.1) – (1.5)      
   [1, 2, 12, 14, 15]: 

1 0.193ab ,                                                                                 (1.6) 
 –    a  (    )    b . 

  [12]     (1.1) – (1.3)   
 0,         

0x y .   [14]    , 

   0y . ,     x   

   .   [15]   
 (1.1) – (1.5)  0,     0, 0c cm I   
 . ,   « - »   

          
,     .     

       . 
       .  
,    (1.6)  0    

   –   .  
2.     (1.1) – (1.3).    

      
  (1.1) – (1.3)         

   .    (1.1), 
   (1.2)  (1.3),     

  [1, 2, 12]: 
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1
( , , ) exp( ) sin( )n n n

n
w x y t C rx t y , 1

n nb ,                   (2.1) 

nC  –  ; n –     b .  
    (1.1) – (1.3)  

,         
 ( Re 0 ),  ,        

      ( Re 0 ).   
 crV ,       

,         
   ( Re 0 ) [1, 2, 10]. 
  (2.1)    (1.1),  

   « – »   [15]:  
4 2 2 3 22 (1 ) (1 ) 0x n yr r r ,                                    (2.2) 

 3
n – ,    :  

3 1 3
0 0n na VD 2 1 3 2 1 3

0 0 0 0 0 2cos .( , )n m na M D a M D ;                 (2.3)  
2
x   2

y –    x   y  , 
   :                      

2 1 2 1 2 2 2 1 2
. . .1 2 ( ) , ( ) ( )x n x n x cr x cr x cr nxN D h D h D ;       (2.4) 

2 1 2 1 2 2 2 1 2
. . .2 ( ) , ( ) 2 ( )y y n y n y pr y pr y pr nN D h D h D ; 

  (1.4) , (1.5)   (2.3).  
     ,  (2.2)  

       , ,   
2 2 2 22( 1 ) 1 0x yr q r q q ,            (2.5) 

2 2 2 22( 1 ) 1 0x yr q r q q .                  (2.6) 

 q R –      [12, 16}: 
2 2 2 68 ( 1 )( 1 ) 0x y nq q .                                    (2.7)  

    (2.3) ,   q   
   V      
 [12, 14, 15].    (1.4), : 0 0 0 2cos .( , ( ))mq q a M q a M . 

,     [12, 14],     
   (2.2)  ,  

0 0 2cos . 0 0 0 2cos ., , ,m mq q V q q a M q a M q a M         (2.8)  

2 2 2 2
0 1) 2 ( 1) 3(1 ) 3x x yq , 2 2( )x x cr  , 2 2( )y y pr .          
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  1     : 
2 2( ) ( ) , ,x cr x cr n  –      

    0V   0.2   1n , 2 0y   

0, 0c cm I ,      410  [13, 14]:  
22 2 2 2

1 , , , 0.5 4 2 1 2 1 0.5x x x xF n sh n    

22 2 21 0.5 2 1 sin 2 0.5 0x x xn , 2 0, 2x .  

,    0     

0V      2 0x   2 0y   0 2a  –  
   (1.4),        

2 20, 0x y ,   [14]. 

                                                                                                                              1.   
                  
     

    0.125       0.25          0.3      0.375        0.5 

  0.010      0.8752    0.7501     0.7001     0.6251     0.5000 
       0.050    0.8791    0.7538     0.7037     0.6285     0.5031 
       0.100    0.8911    0.7654     0.7149     0.6391     0.5122 
       0.150    0.9112    0.7845     0.7332     0.6564     0.5273 
       0.200    0.9392    0.8108     0.7589     0.6804     0.5480 
 

  (2.8)   (2.2)    
 1 0r , 2 0r       3,4r W   

  ,     
(2.5)  (2.6) :  

2 2 2 2
1,2 0.5 2( 1 ) 1 0.5( 1 )x y xr q q q ,  1 0r ,  2 0r ;  (2.9)  

2 2 2 2
3,4 0.5 2( 1 ) 1 0.5( 1 )x y xr q i q q .            (2.10)  

,     (2.9)  (2.10),   (2.1)  
(1.1)     :  

4

1 1
( , , ) exp( ) sin( )nk n k n

n k
w x y t C r x t y .                       (2.11)   

  (2.3)    (2.7),   
       V  

« »   « – »: 
2 2 2 3 3 3 3 1

0 0( ) 2 2( 1 )( 1 ) ( )x yV q q q n D a a , 0,0.193 .  (2.12) 
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     2 2, , , ,x yq q n   

    1 3
0 0( )V q D a a .    

  (1.4),   (2.12)    

 3 2(2 ) 12 1D E h  [14]:   
1 3

0 0( )V q D a a 1 3
0 0 0 0 2cos 0 0 0 2cos .( ( ) ( ), ) ( , )m mV q D a a a M a M a M , 

 0 0 0( )V q a ;                                                                                              
1 3

0 0( )V q D a a 0 0 0 2cos .( , )ma M a M ,  0 0 0( )V q a ; 
2 1 1 3

0 012(1 ) (2 )a E ha , 0 2M , 2cos . 33.85mM .    (2.13) 

    12 0.006, 0.015ha   

 (2.13)   1
0 0 0 2cos2 , ( , )md ha a M a M  

    1 3
0 0VD a a ,   

   (1.4)    ( . 2) [14].  
                                                                                                                       2. 
             

12ha   
      0.125        0.25           0.3       0.375         0.5 

0.006 (54.8,1311.7) (52.0,1245.2) (50.5,1209.0) (47.7,1141.6) (41.6,996.3) 
0.008 (23.1, 544.3) (22.0, 516.4) (21.5, 505.6) (20.1, 473.3) (17.6,413.1) 
0.010 (11.8, 283.5) (11.2, 269.1) (10.9, 261.3) (10.3, 246.7) (9.0,  215.3) 
0.012 (6.85, 164.0) (6.5,  155.7) (6.3, 151.2) (5.96, 142.7) (5.2,  124.6) 
0.014 (4.3,  101.5) (4.09, 96.24) (4.0,  94.24) (3.75, 88.22) (3.27,  77.0) 
0.015 (3.5,  84.04) (3.33, 79.73) (3.23,77.33) (3.05, 73.10) (2.67, 63.81) 
 
3.       

   « – » (1.1) – (1.4).  
3.1.     0,0.193 . 

   (2.11)   (1.1),   
 kr    (2.2)   (2.9)  

(2.10),    (1.2)  (1.3),    
      

 nkC .       – 
 ,    

  :    
4 2

0 1 2 3 0
n n n nA A A A  ,             (3.1) 

1 3 3( )n cm D b n ,  1 1( )n cI D b n , 0n , 0n ,             (3.2) 
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n n –      cm    

 cI ,     0x  ;  
2 2

0 0 ( , , , , )x yA A q n                                    (3.3) 

2 2
1 22( 1 ) 1 exp( 2 2( 1 )x xq q n B B    

2 2 2 2
2 1 22 1 1 exp( 2( 1 ) ) ( ) cos( )x y xB q q q n sh n B n B

2 2 2 2
1 1 22 1 1 exp( 2( 1 ) ) ( )sin( )x y xB q q q n ch n B n B ; 

2 2
1 1( , , , , )x yA A q n                                               (3.4) 

2 2 2 2 2 22( 1 ) ( 1 ) ( 1 )exp( 2 2( 1 )x y y xq q q q q q n

2 2 2 2 2 2
1 2 2 12 2( 1 )( 1 ) 1 ( 1 ( )x y x yB B B q q q q sh n B

2 2 2
1 1 22 ((2 1)( 1) ) ( ) cos( )exp( 2( 1 ) )y x xB q q q ch n B n B q n

2 2 2 2 2 2
1 12 2( 1 )( 1 ) 1 1 ( )x y x yB q q q q ch n B   

2 2 2 2
1 2( 1 )( 1 ) ( ) sin( )exp( 2( 1 ) );x y x xq q q sh n B n B q n  

2 2
2 2 ( , , , , )x yA A q n                                               (3.5) 

2 2
1 22( 1 ) 1 exp( 2 2( 1 ) )x xq q n B B    

2 2
1 2 1 24( 1 ) ( ) cos( )exp( 2( 1 ) )x xq B B ch n B n B q n   

2 2 4 2 2
1 22(3( 1) 2 2 ) ( )sin( )exp( 2( 1 ) )x x y xq sh n B n B q n ;  

2 2
3 3 ( , , , , , )x yA A q n            (3.6) 

 
2

2 2 2 22( 1 ) 1 1 2( 1) (1 )x yq q q q  

2
2 2 2 2 2 2

1 22 1 2 1 1 1x y x yq q B B q q q  

 
2 2 2 2

1 22( 1) 1 2 1x yq q q B B 2exp( 2 2( 1 )xq n  
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2 2 2 2
22 exp( 2( 1 ) ) ( 4 2 1) 1x yB q n q q q
2 2 2 2 2 2 2(2 4 1)(q 1) (2 4 1 2 1 2 )y y x xq q q q q q q

 
2 2 21 1 y yq q 2 2 2 22((2 1)(q 1) 1 )y y xq q q q

2 2 2 2
1(q 1 1 ) ( )x yq sh n B

 
2 3 2 2

1 1 22 2( 1 ) ( 1 ) cos( )x yq q B ch n B n B  
2 2 2 2

12exp( 2( 1 ) ) ( 4 2 1) 1x yq n B q q q
2 2 2 2 2 2 2(2 4 1)(q 1) (2 4 1 2 1 2 )y y x xq q q q q q q

 
2 2 21 1 y yq q 2 2 2 22((2 1)(q 1) 1 )y y xq q q q
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2 2
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2 2 ( , , , , ) 0x yA A q n ,  0,0.193 .  (3.9) 

  
121 2

n n n c ck I n m a ,               (3.10) 

  (3.1),     (3.2)  (3.9), 
   

4 1 1 2 1 1 1
1 2 0 0 3( ) 0n n n nk A A A A A , 0n , 0n , 0nk . (3.11) 

,    2 2 0x y    (3.11)  
    ,    [12].  

3.2.    0 .   
        

     (1.1)    b . , 
  1xa ,    (1.1) – (1.3)   
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4 2
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0 04 2 0x
w w wD N a a a V , 1 1 ,w w t ;             (3.12) 

2 3
1 1

2 2c
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t
; 

3
2 31 1 1

3 2x c
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t
, 0 ;   (3.13) 

1 0w ,  
2

1
2 0w

, 1;                                                          (3.14) 

 ,       0 , 

     0xN   0yN ,   
        

 0xN ,    ,     0yN , 
  .    

  (3.12) – (3.14)    [14].  , 
      0,0.193 . 

       
« - » (1.1) – (1.3)   (1.4)  (1.5)   

   k    (3.11), 
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       « –
».      . 
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     ;   

1 –      1 0 , 2 0       

3,4 i ,     ;   2  –  

  ( 1 0 , 2 0 )    ( 3 0 , 4 0 ) , 
      –   
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     :   
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           2
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      0 
 

    
      0,1 

    
      0,2 
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     0,4 

   
     0,5 
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                                                                                                                                  4. 
      2
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       3    92.692    92.597    92.502    92.407   92.312   92.217 
       5    92.677    92.582    92.487    92.393   92.296   92.201 
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Other approach to problem of contact interaction between a stamp and an elastic 
half-plane in the presence of friction between them 
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A new model is proposed for contacting a stamp with a flat base with an elastic half-plane in the presence of 

friction between them. As in the model proposed by L.A. Galin for such a problem, it is assumed that in the central 
part of the contact zone there is adhesion of the points of the half-plane with the base of the stamp, which is caused 
by the presence of friction between the stamp and the half-plane, and sliding occurs at the edges of the contact 
zone. The proposed model differs from the model of L.A. Galin in that the distribution of friction forces in the 
sliding zone is considered uniform, and not according to the law of dry friction. 

A system of governing equations has been constructed, and the features of the behavior of the sought 
functions at the point of separation of the adhesion and sliding zones, as well as at the end point of the contact 
zone, have been found. The problem was solved by the method of mechanical quadratures. Numerical analysis 
was carried out.  
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